Endothelial colony forming cells (ECFCs) participate in post-natal vasculogenesis. We previously reported that vascular endothelial growth factor (VEGF) promotes human ECFC differentiation through AMP-activated protein kinase (AMPK) activation. However, the mechanisms underlying transcriptional regulation of ECFC differentiation still remain largely elusive. Here, we investigated the role of transcription factor Krüppel-like factor 2 (KLF2) in the regulation of ECFC function.
Introduction
Endothelial progenitor cells (EPCs), the precursors of endothelial cells (ECs), play an important role in the self-healing of vascular injury. These cells participate in re-endothelialization and angiogenesis and represent a promising new tool for the treatment of cardiovascular diseases. 1 Since there is no clear definition for the term EPC, there are many different cell types that could fall under this definition. Key properties of these cells are colony formation in culture, adhesion at the site of injury, differentiation into ECs, and participation in angiogenesis. Hirschi et al. 2 has defined this type of EPC as endothelial colony forming cells (ECFC). Many growth factors, cytokines, and chemokines have been reported to be involved in the regulation of EPC/ECFC differentiation, proliferation, and migration. 3, 4 We had previously reported that activation of AMP-activated protein kinase (AMPK), and its consequent activation of endothelial nitric oxide synthase (eNOS) by vascular endothelial growth factor (VEGF) 5 and prostaglandin E2, 6 plays a pivotal role in the differentiation of this population of cells. However, the mechanisms governing regulation of transcription during EPC differentiation into mature ECs and participation in vascular repair remain largely unknown. † These authors contributed equally to this work.
To better understand ECFC biology, we sought to identify core transcriptional factors governing ECFC differentiation. Among several transcriptional factors involved in the maintenance of EC function and cardiovascular stem/progenitor cell biology, the role of the Krüppel-like transcription factor (KLF) family in EPC biology emerged. KLFs were reported to regulate numerous biological processes, including proliferation, differentiation, development, and apoptosis.
7 KLF2, also known as lung-enriched KLF, is a central regulator of endothelial function, plays a pivotal role in cardiovascular stem/progenitor cell biology, and is closely associated with endothelial homeostasis and atherogenesis. 8, 9 Angiopoietin-1 regulates both vascular quiescence and angiogenesis through the receptor tyrosine kinase Tie2. Angiopoietin-1/Tie2 signalling induces anti-inflammatory responses by up-regulating KLF2 through an increase in transcriptional activity of myocyte enhancer factor-2 (MEF2). 10 The vascular protective effects of AMPK/SIRT1 activation induced by resveratrol and flow shear stress were reported to result from the up-regulation of KLF2 in human ECs. 8, 11 eNOS and thrombomodulin (TM) are known KLF2 target genes in ECs, 12, 13 suggesting beneficial effects of KLF2 on endothelial phenotype. Hemizygous deficiency of KLF2 increased diet-induced atherosclerosis in apolipoprotein E-deficient mice. 14 Targeting modulation of the expression and/or activity of KLF2 may lead to new therapeutic approaches for cardiovascular diseases. 15 Interestingly, KLF2 was recently found to have a role in cell development: KLF-binding sites were identified in the Flk1 enhancer and overexpression of KLF2 induced ectopic Flk1 expression in Xenopus embryos. 16 This study aimed to investigate the potential roles and underlying mechanisms of KLF2 in EPC differentiation. Our results indicate that KLF2 plays a vital role in inducing differentiation of ECFCs into mature ECs and thereby provides new insights into the expanded regulatory circuitry in EPC-mediated angiogenesis.
Methods

Reagents
VEGF, basic fibroblast growth factor (bFGF), epidermal growth factor (EGF), AMPK agonist AICAR (5-amino-1-b-D-ribofuranosyl-imidazole-4-carboxamide) and antagonist Compound C were from Sigma-Aldrich (St Louis, MO, USA). Insulin-like growth factor II (IGF-II) was from PeproTech (London, UK). M199 medium was from Gibco (Grand Island, NY, USA). Endothelial basal medium-2 (EBM-2) was from Lonza Clonetics (Walkersville, MD, USA), and foetal bovine serum (FBS) was from Hyclone (Logan, UT, USA). Leukaemia inhibitory factor (LIF) was from Merck Millipore (Billerica, MA, USA). Boyden chamber (6.5 mm diameter and 8.0 mm pore size) was from Becton Dickinson (Franklin Lakes, NJ, USA).
Human ECFC isolation, culture, identification, and treatment
Human ECFC isolation, culture, and identification were previously described. 5 The investigation conformed to the principles outlined in the Declaration of Helsinki for use of human umbilical cord blood. The protocol was approved by Peking University Institutional Human Sample Use Committee. Briefly, human cord blood from umbilical cords of newborns was collected with the use of heparin (20 U/mL) from donors with their written permission. Human cord blood ECFCs were isolated by density-gradient centrifugation with Ficoll (1.077 g/mL) and plated on dishes coated with collagen type I (50 mg/mL; Millipore). M199 culture medium was supplemented with 20% FBS, human VEGF (10 ng/mL), human bFGF (1 ng/mL), human EGF (10 ng/mL), IGF II (2 ng/mL), and LIF (10 ng/mL). ECFCs at passages 2 -6 were used. For VEGF and AICAR treatments, cells were deprived of the primary culture medium containing 10 ng/mL VEGF and LIF for 12 h, then cultured in M199 supplemented with 20% FBS and VEGF (25 ng/ml) or AICAR (1 mM) for additional 12 or 24 h.
Isolation and identification of mouse bone-marrow-derived pro-angiogenic progenitor cells
Mouse bone-marrow-derived pro-angiogenic progenitor cell (BMPC) isolation, culture, and identification were as previously described. 6 Briefly, BMPCs were collected by flushing the femurs and tibias of wild-type C57BL/6 mice, 8 -10 weeks old, with EBM-2 medium containing 10% FBS. Cells were plated on type I collagen-coated dishes and maintained in a humidified atmosphere containing 5% CO 2 at 378C. After 4 -7 days in culture, non-adherent cells were removed and adherent cells were cultured for an additional 10 days and used for further analysis. This population grew at a high proliferation rate into a monolayer of spindle-shaped cells. BMPCs at passages 2 -4 were used in the following experiments. 6 BMPCs were identified as exhibiting high levels of endothelial lineage markers CD34, c-kit, Flk-1, CD31, and VE-cadherin. Moreover, we identified their tube-forming function by their pro-angiogenic capacity to form tube-like structures on Matrigel (see Supplementary material online, Figure S1 ). 
Western blot analysis
Quantitative real-time polymerase chain reaction
Total RNA was isolated from ECFCs with the use of TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The resulting cDNAs were used as templates for quantitative real-time polymerase chain reaction (Q-PCR) with EVA Green fluorescent DNA stain (Biotium, Hayward, CA, USA). The primer sequences are in Table 1 .
Adenovirus infection of ECFCs and BMPCs
Ad-KLF2, a recombinant adenovirus encoding human KLF2, was generated by subcloning cDNA encoding the total length of human KLF2 into the adenoviral vector pCMV5-Nter-FLAG. Cells cultured at 80% confluence were infected with recombinant adenovirus (50 multiplicity of infection) for 24 h before further treatment. The parental adenoviral vector was used as infection control.
siRNA knockdown experiments
KLF2 and HDAC5 siRNA and their control siRNA were synthesized by Invitrogen. Cells were plated in six-well plates and cultured for 24 h before transfection, then transfected with siRNA by the use of Lipofectamine RNAiMIX reagent (Invitrogen) in serum-free M199 for 4 h, followed by addition of 10% FBS and culture for an additional 48 h before further treatment. The forward and reverse primer sequences were human KLF2 RNAi:
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Flow cytometry
Fluorescence-activated cell sorting (FACS) analysis was used to detect cellsurface markers. Cells were stained for 60 min at 48C, then fixed with 2% paraformaldehyde. The surface markers investigated were FITC-conjugated mouse anti-human CD34, FITC-conjugated mouse anti-human CD31, PE-conjugated mouse anti-human c-kit, PE-conjugated mouse anti-human VE-cadherin (all from BD PharMingen). Isotype-identical antibodies served as negative controls. Analysis involved the use of FACS Calibur (Becton Dickinson) and Cell Quest software.
Cell migration and transwell assay
ECFC migration was assessed by scratch-wound assay as described previously. 17 A wound was created in the cell monolayer, and images of cells were captured then and 8 h later. Images were quantified to determine the number of migrating cells. The transwell assay was performed with a Boyden chamber. In brief, 1 × 10 5 cells were plated in 500 mL medium in each well. M199 medium supplemented with 20% FBS was added to the upper chamber of a transwell plate and M199 medium supplemented with 20% FBS and 100 ng/mL VEGF was added to the lower chamber. After incubation for 24 h, cells that had migrated to the lower surface of the membrane were fixed with 2% paraformaldehyde and stained with Hoechst 33 258 for 5 min. The stained cells were photographed and counted in four high-power fields per insert.
In vitro tube-formation assay
Matrigel (300 mL; Becton Dickinson, Bedford, MA, USA) was added to each well of 24-well plates. Human ECFCs in M199 medium supplemented with 20% FBS were then plated at 1 × 10 5 cells/well and cultured for 4 h. After treatment with various stimuli, tube formation was examined using an inverted microscope equipped with a digital camera. Tube-like structures exceeding six cells in length were counted in five randomly selected fields in each well by three investigators blinded to the treatment.
In vivo vasculogenesis assay
In vivo assay of mouse BMPC angiogenesis was performed as previously described. 6 The investigation conformed to the Guide for the Care and Use of Laboratory Animals by the US National Institutes of Health (NIH Publication, 8th Edition, 2011). The animal experimental protocol was approved by the Institutional Animal Care and Use Committee of the Peking University Health Science Center (LA2011 -003). C57BL/6 mice were treated with ketamine (100 mg/kg IP)/xylazine (20 mg/kg IP) cocktail for anaesthesia, and then BMPCs were isolated and identified (see Supplementary material online, Figure S1 ). BMPCs were infected with Ad-KLF2 or control virus for 24 h and then suspended at 5 × 10 5 cells in 100 mL Matrigel on ice. The mixture was implanted on the flanks of C57BL/6 mice (n ¼ 6) by subcutaneous injection. Seven days later, the euthanasia was performed with carbon dioxide and implants were removed, fixed in formalin, embedded in paraffin, and sectioned. 6 Sections were stained with haematoxylin and eosin or immunohistochemically with anti-VE-cadherin to determine the presence of luminal structures.
Statistical analysis
The significance of variability was determined by ANOVA with post-hoc comparison, with Student's t-test for continuous variables and ? 2 or Fisher's exact test for nominal variables, as appropriate. All data are presented as mean + SD from at least three independent experiments. P , 0.05 was considered statistically significant.
Results
Increased KLF2 expression participated in VEGF-induced ECFC differentiation
We previously reported that VEGF-induced AMPK activation was involved in the regulation of EPC differentiation. 5 Here, we treated human ECFCs with VEGF to drive ECFCs towards differentiation into mature ECs. VEGF treatment increased the phosphorylation of AMPK and eNOS in 1 h and the expression of the endothelial markers eNOS, ICAM-1, and CD31 within 24 h; however, the level of progenitor markers CD34 and c-kit was decreased ( Figure 1A and B). We also analysed the expression of ECFC surface markers by flow cytometry. VEGF up-regulated the expressions of endothelial markers such as VE-cadherin and CD31 but down-regulated those of progenitor markers such as CD34 and c-kit ( Figure 1C) . ECFC capacity for cell migration and tube formation was confirmed by in vitro assays ( Figure 1D-F) . Furthermore, VEGF increased both the mRNA and protein levels of KLF2, which indicates that KLF2 might be involved in VEGF signalling to regulate ECFC function.
AMPK activation was involved in ECFC differentiation via KLF2 up-regulation
To investigate whether AMPK regulates KLF2 expression in ECFCs, we next used an AMPK agonist to activate AMPK, and its specific inhibitor to block AMPK activation. The AMPK agonist AICAR increased the levels of KLF2 mRNA and protein (Figure 2A and B) and AMPK inhibitor Compound C blocked the effect of VEGF. VEGF-induced expression of the endothelial markers eNOS, ICAM-1, and CD31 was also diminished by Compound C. The progenitor markers CD34 and c-kit showed an opposite pattern ( Figure 2C and D) . 
KLF2 was required for ECFC differentiation
To determine whether KLF2 contributes to ECFC differentiation, we used siRNA to silence KLF2 in ECFCs. The efficiency of siRNA in reducing KLF2 expression in ECFCs was confirmed by Q-PCR and western blot ( Figure 3A and B) . The expression of TM and eNOS, two known KLF2 target genes, 12,13 was also reduced, suggesting an effective inhibition of the function of KLF2 ( Figure 3A and B) . Silencing of KLF2 decreased the expression of ICAM-1 but increased that of progenitor markers, which also suggests that KLF2 plays an important role in the process of ECFC differentiation ( Figure 3B ). The expression of ECFC surface markers was analysed by flow cytometry, which provided evidence that KLF2 was of importance in ECFC differentiation ( Figure 3C ). We further investigated the parameters of ECFC differentiation by analysing the role of KLF2 in ECFC tube-forming capacity. The in vitro tube-forming ability of ECFCs induced by VEGF was significantly inhibited with KLF2 knockdown ( Figure 3D) . Consistently, KLF2
knockdown impaired VEGF-induced migration of ECFCs, demonstrated by scratch-wound and trans-well assays ( Figure 3E and F ).
Overexpression of KLF2 enhanced ECFC differentiation
To further explore the role of KLF2 in ECFC differentiation using a gain-of-function approach, we overexpressed KLF2 in ECFCs. ECFCs were infected with a FLAG-tagged adenovirus encoding full-length KLF2, and overexpression was confirmed by Q-PCR and western analysis ( Figure 4A and B). Overexpression of KLF2 was accompanied by increased mRNA expression of the EC markers eNOS, CD31, and ICAM-1 and decreased expression of the stem/progenitor marker c-kit ( Figure 4A ). Interestingly, the mRNA level of CD34, another ECFC marker, was elevated ( Figure 4A ). Results were similar on flow cytometry of ECFC surface markers after KLF2 overexpression ( Figure 4C) . However, the tube-forming capacity was enhanced in ECFC overexpressing KLF2, when compared with cells infected with control adenovirus ( Figure 4D) . Thus, overexpression of KLF2 can mimic the effect of VEGF treatment and AMPK activation to promote ECFC differentiation. Tube-formation (D) and cell migration (E and F) assays were performed as described in Figure 1 . Data are mean + SD from three independent experiments, each performed in triplicate (*P , 0.05; **P , 0.01).
KLF2 improved endothelial colony forming cell differentiation 
HDAC5 participated in the up-regulation of KLF2 by AMPK in ECFCs
As a protein kinase, how does AMPK regulate KLF2, a transcription factor? MEF2 is a key transcription factor driving KLF2 expression, 18 and HDAC5, a class IIa histone deacetylase, is a negative regulator of MEF2 transcriptional activity in cardiomyocytes and skeletal muscle cells, regulating muscle differentiation and cardiac growth. 19, 20 Moreover, HDAC5 can bind MEF2
and regulate its transcriptional activity but not its expression. In ECs, fluid shear stress stimulates the phosphorylation of HDAC5 and relieves its repression of MEF2, in turn permitting MEF2 activation and eNOS expression. 21 We next investigated whether AMPK could stimulate HDAC5 phosphorylation and up-regulate KLF2 transcription in ECFCs. Both VEGF and AICAR induced HDAC5 phosphorylation but had no effect on MEF2 expression ( Figure 5A ). Compound C abolished this effect ( Figure 5B) . In order to identify the role of HDAC5 in regulating KLF2, we further knocked down HDAC5 with HDAC5-specific siRNA. Loss of HDAC5 up-regulated both KLF2 and eNOS expression, with no change in MEF2 protein level ( Figure 5C ), which suggests that the AMPK-HDAC5-MEF2 pathway may mediate the up-regulation of KLF2 in ECFCs.
KLF2 improved vasculogenesis by BMPC in vivo
To further investigate the role of KLF2 in ECFC differentiation in vivo, we performed an in vivo angiogenesis assay with Matrigel plugs subcutaneously implanted in mice. BMPC from C57BL/6 mice were pretreated with VEGF, KLF2 adenovirus, or KLF2 siRNA suspended in Matrigel, and injected subcutaneously into C57BL/6 mice. After 7 days, Matrigel implants were removed, and haematoxylin and eosin staining revealed a greater number of luminal structures in implants containing KLF2-overexpressing cells compared with cells infected with control adenovirus. In contrast, cells treated with KLF2 siRNA exhibited a poor tube formation capacity ( Figure 6A ). To further characterize the differentiation of these BMPCs, immunohistochemical staining of implants showed cells in luminal structures positive for VE-cadherin, a marker of mature ECs ( Figure 6B ). The number of VE-cadherin positive structures was significantly higher with KLF2 overexpression than control treatment. In contrast, KLF2-siliencing reduced the number of VE-cadherin-positive structures. VEGF-treatment was used as positive control ( Figure 6A and B) . Analysis of the FLAG-tagged KLF2 adenovirus identified tube structures in cells from the donor mice ( Figure 6C ). Overexpression of KLF2 after 7 days still persisted in Ad-KLF2 treated BMPCs but was not detectable in control cells ( Figure 6C , see Supplementary material online, Figure S2 ).
Discussion
The KLF proteins are a family of zinc finger-containing transcription factors that regulate proliferation, differentiation, development, and programmed cell death during vascular gene expression. KLF2 is an 
Figure 6
Neovascularization by BMPC in mice was enhanced by KLF2 overexpression. BMPC from C57BL/6 mice were infected with adenovirus encoding KLF2 (Ad-KLF2, 50 multiplicity of infection) or with siRNA knockdown of KLF2 and mixed with Matrigel. Cells were subcutaneously injected into C57BL/6 mice, which were maintained for 7 days. Implants were sectioned and stained with haematoxylin and eosin (H&E) (A), anti-VE-cadherin (VE-Cad) (B), and anti-FLAG (Flag) (C). Arrows indicate vessel-like structures. Images are representative of implants from six different animals. Microvessel density in Matrigel implants was quantified by counting luminal structures containing erythrocytes. Data are mean + SD from three independent experiments, each performed in triplicate (*P , 0.05; **P , 0.01). Magnification, ×630 (A and B), ×400 (C).
important factor in embryonic development, particularly cardiovascular development, because loss of KLF2 causes lethal cardiac failure at E12.5-E14.5. 22, 23 KLF2 was also reported to modulate angiogenesis, the process of new blood vessel formation; 16, 24 however, its role in angiogenesis is controversial. 25 Here, we investigated the effect of KLF2 on EPC differentiation and function, and the underlying mechanism. We found (i) KLF2 induced the differentiation and migration of EPCs, which was followed by up-regulation of the mature EC markers; (ii) KLF2 promoted neovascularization in vitro and in vivo; and (iii) differentiation of EPCs was mediated by the AMPK-HDAC5-KLF2-eNOS signalling pathway. The summary scheme of our findings combined with our previous reports showed in Supplementary material online, Figure S3 . EPC, referring to cells that display cell surface antigens similar to ECs in vivo, logged in areas of vascular injury and repaired damaged blood vessels. Many sources of EPC have been reported. EPCs derived from bone marrow, peripheral blood, or resident tissues 26 participates in the regulation of vascular biology and endothelial function. It was reported that KLF2 inhibited VEGF-A-mediated angiogenesis in ECs, indicating KLF2 was anti-angiogenic. 25 However, overexpression of KLF2 increased eNOS expression in circulating pro-angiogenic cells in vitro and augments neovascularization in bone-marrow-derived mononuclear cells in a murine hind-limb ischaemia model. 24 In consistent with this report, we found that KLF2 promoted the differentiation of EPCs into mature ECs, the cells possess the postnatal vasculogenic ability. The discrepancy between the studies indicated that KLF2 played different roles in different type of cells and development stage.
In the current study, we have evaluated the role of KLF2 in EPC biology using both loss-and gain-of-function approaches (Figures 3 and 4) . We have demonstrated EPCs from either human cord blood or mouse bone marrow had neovascularization capacity regulated by KLF2 in vitro and in vivo (Figures 4 and 6) . The up-regulation of mature endothelial markers, including eNOS, induced by overexpression of KLF2, as well as the increased capacity for tube formation, strongly suggest that KLF2 induces ECFC differentiation towards the endothelial lineage (Figures 3  and 4) . The stem/progenitor marker c-kit was also down-regulated after KLF2 overexpression and up-regulated with KLF2 knockdown, indicating that KLF2 was an inducer of endothelial differentiation (Figures 3  and 4) . Interestingly, CD34, another known progenitor marker, showed an opposite expression panel to that of c-kit, in response to KLF2. This result suggested that CD34 may not be used as a sole progenitor marker. The possible explanation is that human CD34 might be a target gene of KLF2 since MatInspector promotor analysis software (Online software: http://www.genomatix.de/online_help/help_mat inspector/matinspector_help.html) gave a hint that there was a binding site of KLFs in the promoter region of CD34. Papers have reported that members of the KLF family had similar bio-functions. 29, 32 In light of the cross-talk of the KLFs family, combined with the results of overexpression experiments, KLF2 might be a transcriptional regulator of CD34. We previously reported that the activation of AMPK by VEGF and statins promoted the differentiation of human cord blood-derived EPCs into mature ECs via a nitric oxide-dependent mechanism. 5 Flow-induced AMPK activation was reported to up-regulate the expression of KLF2 in ECs. 11 However, our use of LIF to maintain the undifferentiated status of progenitor cells activated Akt and up-regulation of KLF4. The effect of LIF on KLF4 could be blocked by overexpression of dominant-negative Akt adenovirus. 33 In this study, treating ECFCs with VEGF to promote ECFC differentiation to mature ECs upregulated the expression of KLF2, accompanied by up-regulation of its target genes, including eNOS. AMPK activation apparently plays an important role in this process because AMPK agonist AICAR mimicked, and antagonist Compound C attenuated the effect of VEGF. Thus, it appears that AMPK activation mediates up-regulation of KLF2 expression and promotion of cell differentiation to mature ECs. In contrast, Akt activation drove EPC proliferation and maintained EPC stemness. The balance of activation of AMPK and Akt may provide new insights into the regulation of the properties of EPCs.
To further explore the mechanism underlying AMPK regulation of KLF2, we investigated the pathway described in ECs, whereby AMPK regulates KLF2 via HDAC5 phosphorylation and MEF2 activation. 11, 21 We found AMPK activation induced HDAC5 phosphorylation, which indirectly up-regulated KLF2 expression in ECFCs ( Figure 5 ). However, other mechanisms involved in the regulation of HDAC or posttranscriptional regulation cannot be excluded by the current study. KLF2 reinforced the process of angiogenesis by promoting the differentiation of EPCs to mature ECs and, thus constitutes a potential novel target for clinical therapy in ischaemic heart diseases.
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